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Dynamics of a type VI reverse turn in a linear peptide in aqueous
solution
Eugene Demchuk, Donald Bashford and David A Case
Background: Peptide sequences with aromatic groups flanking a cis-proline
residue are known to have a high propensity for adopting compact structures in
which the aromatic sidechains pack against the proline ring. In particular, the
sequence Ser-Tyr-Pro-Phe-Asp-Val (and variants of this) is known by NMR to
form a high proportion of type VI turns in aqueous solution. We set out to explore
the energetic and dynamic features of such sequences using molecular
dynamics simulation techniques.
Results: The conformation properties of the linear pentapeptide NH3+-Ala-Tyr-
cisPro-Tyr-Asp-NMA (cis-AYPYD) have been explored in three solvated
molecular dynamics simulations. The first began from an NMR-derived model
structure containing a type VIa turn and close-stacking interactions between the
tyrosine and proline sidechains. During 20 ns of simulation, the peptide made
transitions between type VIa and VIb turns, but did not ‘unfold’ to more extended
conformers, consistent with the unusual stability for folded forms observed by
NMR for this sequence. Distances monitored by nuclear Overhauser peaks and
sidechain rotamer populations in the trajectory are in good agreement with NMR
data. Two additional 5 ns trajectories were begun from more extended
conformers. The first folded into a conformer much like the NMR-derived
structure within 3 ns and remained folded for the remainder of the trajectory. The
second was begun from a structure in which the sidechain orientations were
deliberately misfolded relative to that required for turn formation; this structure
did not make a transition to a turn-like state.
Conclusions: The kinetic stability of folded forms of AYPYD, along with the
observation of spontaneous folding from an extended conformation, indicates
that the special stability seen experimentally is reflected in computer simulations.
The results provide new information about the stabilization of secondary
structure in short peptides, particularly by aromatic–proline interactions, and
offer a description of pathways of interconversion of type VIa and VIb turns.
Introduction
Reverse turns are one of the most populated basic elements
of secondary structure in proteins. Nearly one-third of
residues in globular proteins belong to this structural class
[1]. Reverse turns are primarily located at the surface of a
protein, where the chain inverts its direction. They enable
the polypeptide chain to fold back upon itself and, thus,
the overall globular shape of proteins becomes possible.
Many reverse turns observed in proteins are tight struc-
tures involving 3–4 consecutive residues of the polypep-
tide chain and can be grouped according to their backbone
dihedral angles into seven structural classes (I, I′, II, II′,
IV, VIa, VIb, and VIII) [2–4]. Conformations of these
types have also been detected in short linear peptides [5],
i.e. in the absence of long-range intraprotein interactions
[6]. Consequently, the turn-forming fragments have been
viewed as crucial elements initiating protein folding [7–9].
A fundamental role of reverse turns in -helix formation
has been shown experimentally [10,11] and reproduced
computationally [12–15].
In this paper, we present a study on the kinetic stability of
the NH3+-Ala-Tyr-cisPro-Tyr-Asp-NMA (cis-AYPYD)
linear pentapeptide in aqueous solution. It is known that
aromatic–cis-proline interactions frequently lead to non-
random conformations in peptides [16–18], and in pro-
teins, where it is almost always involved in bends and
turns [19,20]. In particular, this structural class has been
characterized in a series of experiments on NH3+-Ser-Tyr-
cisPro-Phe-Asp-Val-COO- (cis-SYPFDV) peptide and its
mutants [5,21–23]. These studies found an increased frac-
tion of the cis-proline isomeric form in peptides containing
the -X-Ar-Pro-Ar-Hp- sequence motif (where Hp is a
small hydrophilic residue, Ar is a residue with an aromatic
ring in the sidechain, and X is any residue). 70 % of this
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form adopted a turn VIa conformation and aromatic
sidechains were involved in an unusual sandwich-like
tight packing around the pyrrolidine ring (Fig. 1). This
structure is based on a number of unique measurable char-
acteristics, including specific NOEs and coupling con-
stants [22]. Here, we study a simple member of the family,
cis-AYPYD, using solvated molecular dynamics methods.
Results
The backbone of the folded AYPYD peptide 
During the 20 ns course of a molecular dynamics simula-
tion, the molecular backbone of the cis-AYPYD peptide
remained in a turn VI conformation without undergoing
any marked unfolding transition, and the peptide remained
within parameters of -bends observed in proteins [4]. The
timecourse of backbone dihedral angles is shown in
Figure 2, and statistical information about torsion angles
and distances is given in Tables 1 and 2. In particular, the
C–C distance between the first and the fourth residues
of the turn, the backbone dihedral angles of the turn, and
several proton–proton cross-turn distances are indicative of
a kinetically stable compact turn conformation.
The peptide conformation fluctuated in the region of type
VI turns. This area of the Ramachandran plot can be
defined by backbone dihedral angles of the second and
third residues of the turn. The VIa type is characterized by
a P → R vector in the Ramachandran plot, i.e. with
residue 2 in the polyproline region (near , = –60°, 120°)
and residue 3 in the helical region near –90°, 0°. Type VIb
corresponds to a E → R vector with residue 2 at , near
–120°, 120°. In the course of simulation, these angles were
often closer to a standard definition of the type VIb turn
than type VIa (Table 1). However, large momentary devia-
tions from the mean were observed (as illustrated in
Fig. 3). The maximal width of the fluctuation range varied
from 93° for 2 to 186° for 3. Generally, the torsion angles
adjacent to the cis-peptide bond (2 and 3) were less flexi-
ble than the two other turn-forming dihedral angles, 2 and
3: standard deviations of their angles were less than 15°,
compared to 24° for 2 and 31° for 3. Backbone dihedral
angles of terminal residues were even more flexible (e.g.
standard deviations of the  angles of Tyr4 and Asp5 were
70° and 72°, and during the simulation they explored the
whole 360° range). Thus, the mobility of the backbone
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Figure 1
Compact conformation of the cis-AYPYD peptide in solution (see [22]).
Figure 2
Backbone torsion angles of the turn-forming residues. (a) 2, (b) 2,
(c) 3, and (d) 3 (degrees). Bold lines indicate long-timescale
fluctuations; smoothing is done by moving averaging over 500 ps.
Dashed and dotted lines represent ‘standard’ angles of type VIa and
VIb turns and their limits as defined in [4].
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gradually increased from the central part of the peptide,
restricted in motions by the proline residue, towards
termini that were relatively floppy during the simulation.
The 3 angle was the most flexible among the turn-
forming backbone dihedral angles. During the course of
the simulation, it underwent three transitions from posi-
tive to negative range. These occurred at the ends of the
second, eighth, and on the seventeenth nanoseconds
(Fig. 2d). These transitions were accompanied by syn-
chronized shifts of the 2 and 3 dihedral angles
(Fig. 2ac), and the turn migrated in the direction from the
type VIa to VIb (Fig. 3). For convenience, we divide the
full conformational ensemble of the molecule in accor-
dance with backbone states. We thus distinguish three
parts of the trajectory: VIa, VIb, and a phase of intermedi-
ate transition (Table 1). These reversible transitions from
the polyproline to extended conformations reduced com-
pactness of the turn, slightly increasing separation
between the polypeptide termini.
Most of the simulation distance averages satisfy NMR
restraints derived for the SYPFDV hexapeptide [22]. Mea-
sured cross-turn distances and their corresponding simu-
lated averages are given in Table 2. These show that the
termini look more extended compared to measured para-
meters of the cis-SYPFDV peptide: the average distance
between the second and the fifth residues of the turn in
the trajectory significantly exceeded the experimental
restraint for the SYPFDV sequence. On the other hand,
these violations did not occur in a random fashion. Rather,
they coincided with long-timescale conformational transi-
Research Paper Dynamics of a type VI reverse turn Demchuk et al. 37
Table 1
Mean torsion angles and their standard deviations.*
Source† 2 s2 2 s2 12 s21 3 s3 3 s3 13 s31 14 s41
Model-YP –38 141 –182 –64 –29 –81
cis-SYPFDV –55 139 –176 –81 –7 32 –48
Standard–VIa –60 120 –90 0
Standard–VIb –120 120 –60 0
NMR –30 138 –172 –67 –23 –30 –59
NMRmin –48 137 –175 –65 –29 –24 –54
VIa –87 15 140 9 –85 45 –101 12 21 22 31 14 –53 12
Transition –114 24 137 13 –146 54 –77 12 –49 15 –13 20 –67 37
VIb –123 20 129 16 –118 53 –88 13 –18 25 15 24 32 60
Full –113 24 133 15 –113 54 –89 15 –14 31 15 25 –18 60
*Angles are in degrees. †Specifications denote: ‘model-YP’, a
minimized Dreiding model of N-Ac-Tyr-cisPro-NMA peptide [16]; ‘cis-
SYPFDV’, NMR data for cis-SYPFDV [22]; ‘standard–VIa’ and
‘standard–VIb’, standard definitions of protein -turns [4]; ‘NMR’ and
‘NMRmin’, conformation used to start MD simulations and a minimized
conformation; ‘VIa’, ‘VIb’ and ‘transition’, averaging over an ensemble
of corresponding conformations (VIa are [0, 2.04], [5.31, 7.44] and
[15.46, 16.34] ns time intervals, transition is [11.74, 14.93] ns and VIb
is the remaining part of the trajectory); ‘full’, averaging over the full
trajectory without taking into account the type of backbone turn.
Table 2
Mean distances and standard deviations in the cis-AYPYD peptide (Å).
Source* C1–C4 C1–C4 H2–H3 H2–H3 H2–H4N H2–H4 H2–H5N H2–H5
cis–SYPFDV† <2.5 <3.5 <4.0
Standard–VIa‡ <7
Standard–VIb‡ <7
NMR 5.81 2.38 2.83 3.93
NMRmin 5.06 2.54 3.20 2.75
VIa 5.88 0.30 2.19 0.21 2.73 0.37 3.32 0.45
Transition 5.92 0.51 2.34 0.26 3.97 0.35 5.25 0.54
VIb 5.40 0.54 2.17 0.24 3.51 0.43 6.12 0.80
Full 5.59 0.55 2.20 0.24 3.40 0.57 5.35 1.35
*Specifications are the same as in Table 1. †NMR restraints (upper bounds) [22]. ‡Limits from [2].
tions between VIa and VIb types of the turn. The experi-
mental restraints were completely satisfied when the mol-
ecule adopted type VIa conformations, but two of the
constraints, H2–H4 and H2–H5, were violated for the type
VIb turns (Fig. 4ab; Table 2). In other words, conforma-
tional transitions from VIa to VIb types of the turn
decreased compactness of the molecule slightly detaching
its C-terminal part from the central region (Fig. 4ab).
Transitional motions of the terminal residues can also be
monitored by displacements of other backbone atoms.
The Cartesian RMSD of the backbone atoms from their
positions in the NMR coordinate set (Fig. 4c) increased
when the simulated peptide underwent turn type VIa to
VIb transitions (Fig. 3). The greatest backbone deviations
occurred between the twelfth and fifteenth nanoseconds
(Fig. 4c). During this 3 ns period the conformation of the
molecule migrated away from either of the standard defin-
itions of the turn (Fig. 3). This could be thought of as a
fairly long-lived transitional state between the two types
of the turn, since it shared elements common to both of
them: the N terminus was oriented more like that in type
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Figure 3
RMSD of backbone torsion angles (degrees) of turn-forming residues
(Tyr2 and Pro3) to standard turn (a) type VIa and (b) type VIb in the
trajectory of the AYPYD peptide. Bold lines indicate long-timescale
fluctuations. Letters at the top indicate regions of turn type: ‘A’, type
VIa; ‘B’, type VIb; ‘T’, transition region (see text).
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Figure 4
Long-timescale transitions between two types of turn VI in the AYPYD
peptide. Distances between H2 and (a) H4 and (b) H5. Backbone
RMSD to the NMR structure of (c) the full backbone or (d) the
backbone of the YPY central fragment. Bold lines indicate long-
timescale fluctuations.
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VIa turns, whereas the C-terminal conformation more
resembled type VIb structures (Fig. 5).
A cross-turn hydrogen bond is a marked but not necessary
element of -turns [2,24]. Figure 6 shows the behavior of
several potential hydrogen bond distances. Cross-turn
hydrogen bonds were found in the cis-AYPYD peptide
only during the VIa phases of the simulation. During these
periods, the carbonyl group of the first residue was in an
interaction distance [25] from amide groups of the fifth
and fourth residues (Fig. 6ab) and their mutual orientation
favored a hydrogen bond geometry (Fig. 5). Most of the
time, these hydrogen bonds were bifurcated (Fig. 6ab), a
behavior often seen in other simulations of turns [12–15].
The O1–H5 hydrogen bond was most of the time shorter
than O1–H4. Corresponding distances between the oxygen
and hydrogen atoms were 2.2 ± 0.1 and 2.5 ± 0.1 Å. During
the last 500 ps of the first VIa interval (around the second
nanosecond of simulation), the O1–H5 hydrogen bond was
broken, indicating a possible reason for the first turn type
VIa to VIb transition. A correlation between hydrogen
bond interactions and stabilization of atomic motions was
also observed in other parts of the trajectory. In the termi-
nal part of the peptide, these correlations were monitored
by a dispersion of interproton distances between the
second and the fourth and fifth residues (Table 2) and of
the 3 dihedral angle (Table 1). Fluctuations were sub-
stantially reduced in the VIa phase of simulation compar-
ing to VIb. Occasionally a proton of the C-terminal
N-methyl amide could also interact with O1 (Fig. 6c).
However, it was an short-time contact (the average O1–HT
distance is 4.9 ± 0.1 Å) and is unlikely to represent a
typical attribute of the turn type VIa conformation.
For more than half of the simulation, when peptide con-
formation was in the region VIb, cross-turn hydrogen
bonds were missing (Fig. 6). They are also missing in the
transitional conformations (except for momentary fluctua-
tions of the O1–HT bond). This indicates that cross-turn
hydrogen bonds are a specific attribute of type VIa confor-
mations that are absent in other forms of type VI turns.
Sidechain packing 
Not only terminal parts of the backbone but also
sidechains changed their orientation during the simula-
tion. We pay particular attention to the orientation of the
aromatic and proline sidechains, since NMR experiments
designate a stabilizing role to their mutual interaction.
All three sterically allowed minima of 1 dihedral angles of
tyrosine residues were at least briefly explored during the
20 ns period (Fig. 7). During most of the simulation, at
least one of the tyrosine sidechains was packed against the
proline residue. Both contacts were absent for only a short
period of 100 ps during the fourteenth nanosecond
(Fig. 7bd), when the backbone was in a transitional state
between VIa and VIb types of the turn (Figs 3,4c). The
sidechain of Tyr2 adopted a trans orientation of the 1
dihedral angle (which allows a tight contact with the
pyrrolidine ring; Fig. 7b) for approximately half of the sim-
ulation, and gauche+ orientations were practically excluded
from the ensemble (Fig. 7a). The sidechain of Tyr4 was
most of the time within van der Waals’ distance of the
proline sidechain (Fig. 7d). This contact is possible in
both gauche– and gauche+ orientations of the 1 dihedral
angle (Fig. 7c). However, the rotamer populations also
depend upon the type of turn: during the VIa phase of the
simulation, interactions with the pyrrolidine ring took
place usually only in a gauche– orientation of the Tyr4 1
dihedral angle (Figs 3,7c). During the VIb phase, gauche–
orientations were possible, but gauche+ conformers were
more populated. Each of these orientations had an average
about 10 smaller than the ideal staggered rotamer.
The observed rotamer populations can be partially under-
stood from steric considerations. The sidechain of Tyr2
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Figure 5
Stereoview of several snapshots of peptide
conformation superimposed on the NMR
structure. Colors denote the NMR structure
(blue), 700 ps (green), 1000 ps (red), and
1300 ps (magenta) snapshots. The first two
structures represent type VIa conformations of
the turn and the latter two correspondingly
type VIb and mixed (transitional)
conformations. Backbone atoms of the central
three residues (Tyr2, Pro3 and Tyr4) are
superimposed. Hydrogen atoms, except H4,
H5 in the green structure, are not shown.
has the highest degree of conformational freedom. Rota-
tion around the C–C bond can proceed with little steric
interference of the backbone or sidechains of other
residues. Gauche+ orientations are an exception and are dis-
favored by steric conflicts of the 	-hydrogens with the
proline carbonyl oxygen, which is fixed by the cis-bond
(Fig. 8a). The sidechain of Tyr4 is much more restricted,
in particular by the turn type VIa conformation of the
backbone. This type of compact backbone packing steri-
cally forbids two out of three rotamers about 1: the
mutual proximity of terminal residues (Fig. 4ab) practi-
cally excludes gauche+ rotamers (Fig. 8a), and trans orienta-
tions are hindered by the short distance between the H2
and H5 atoms in this form of backbone packing (Fig. 8b;
Table 2). An experimental restraint on the distance is sat-
40 Folding & Design Vol 2 No 1
Figure 6
Cross-turn hydrogen bond distances in the cis-AYPYD peptide
between the carbonyl oxygen atom of Ala1 and secondary amine
protons of (a) Tyr4, (b) Asp5, and (c) C-terminal N-methyl amide. Bold
lines indicate long-timescale fluctuations.
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Figure 7
Orientation of tyrosine sidechains in the cis-AYPYD peptide. 1
dihedral angle of (a) Tyr2 and (c) Tyr4; intercentroid distances
between the pyrrolidine ring and the aromatic rings of (b) Tyr2
and (d) Tyr 4.
0 5 10 15 20
Time (ns)
4
6
8
D
is
ta
nc
e 
(Å
)
 60
0
60
120
180
240
D
ih
ed
ra
l a
ng
le
 (d
eg
ree
s)
4
6
8
D
is
ta
nc
e 
(Å
)
 240.0
 140.0
 40.0
60.0
D
ih
ed
ra
l a
ng
le
 (d
eg
ree
s)
(a)
(b)
(c)
(d)
isfied when the Tyr4  dihedral angle is in the range
[–110, –90], and that implies a direction of the O4 atom
towards a potential position of the Tyr4 sidechain in trans
orientation of the 1 dihedral angle (Fig. 8b), so that all
rotamers of the 2 dihedral angle are prohibited. Thus, a
feedback cycle emerges: a turn conformation of the back-
bone restricts rotational motions of sidechains, forcing
them to interact with the pyrrolidine ring, while these
sidechain–sidechain interactions in turn restrict flexibility
of the backbone promoting a turn conformation.
Transitions of the 1 dihedral angles of the tyrosine
residues were somewhat more frequent than those
between VIa and VIb forms of the turn. About 15 transi-
tions of the Tyr2 1 and nine of the Tyr4 angle occurred
during 20 ns (Fig. 7a,c). This number is insufficient for a
statistically robust estimation of equilibrium rotamer dis-
tributions, but the observed populations reflect definite
tendencies toward packing of aromatic sidechains on the
proline ring. The NMR analysis indicates that Tyr2 and
Tyr4 have 1 distributions in the trans and gauche–
rotamers, respectively, with about 70 % probability [22].
The simulation confirmed that these rotamers are abun-
dant but proportions varied (Table 3). The experimental
distributions of both angles were better reproduced during
a period of transition between the two forms of the turn
(Table 3), possibly indicating the importance of hydropho-
bic clustering around the pyrrolidine ring for turn stabi-
lization in absence of favorable backbone conformation.
The particular steric clashes which are shown in two static
examples in Figure 8 could probably be avoided after
certain rearrangements of molecular conformation.
However, they could readily re-emerge in the process of
stochastic motions and thus bias the configurational
ensemble towards the observed populations. Transitions
of the 2 dihedral angles of tyrosine residues were better
sampled in the trajectory than the 1 angles (fluctuations
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Figure 8
Stereoview of steric clashes between the
backbone and aromatic sidechains in the cis-
AYPYD peptide. The NMR structure is
modeled in gauche sup+ orientation of 
(a) Tyr2 1 and (b) Tyr4 1 dihedral angles,
and (c) trans orientation of the Tyr4 1 angle.
Short interatomic distances indicate steric
conflicts that would not realize when the
backbone is found in a turn type VIa
conformation. The aromatic ring of Tyr4 is
shown parallel to the N–C bond of the
residue (the only geometry of trigonal C of
aromatic residues that is energetically
favorable [38] and significantly populated in
amino acids [39] and proteins [40,41]).
Similar steric considerations indicate that all
other minima in the torsion potential of the
Tyr4 2 dihedral angle [6,41] are also
prohibited for trans orientations of the Tyr4 
1 dihedral angle.
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are shown in Fig. 9). Both aromatic rings generally had 2
angles near ± 90°, but with fairly frequent transitions. The
relative lack of transitions for Tyr4 supports the conclu-
sion from the steric analysis that its sidechain is more
tightly constricted than that of Tyr2.
Interconversions of pyrrolidine pucker were 10–100 times
faster than rotations of the tyrosine sidechains (Fig. 10) and
statistics of the 1 dihedral angle are well converged. The
mean is in a reasonable agreement with NMR, indicating
that C-exo/C-endo conformations prevailed throughout
the trajectory except the transitional period (Table 1).
Again, the VIa part of the trajectory is in closer agreement
with experiment: its average ring pucker is statistically
identical to the NMR number, while an average over the
type VIb ensemble has a higher fraction of the C-endo/C-
exo conformations (Table 1). Figure 10 also shows that the
frequency of C-exo/C-endo to C-endo/C-exo transitions
was lower during the periods of type VIa conformation.
During this phase of simulation, transitions of the 31 dihe-
dral angle from positive to negative range were three times
less frequent than in other parts of the trajectory. This sta-
bilization of motions was accompanied by a low amplitude
of fluctuations, and the standard deviation of 1 about its
mean is 40 % below that for the VIb phase (Table 1).
Folding from extended conformations 
Since spontaneous unfolding of the type VI turn was not
observed during 20 ns of a simulation that began in a turn
conformer, we decided to investigate the dynamic proper-
ties of more unfolded states in two additional 5 ns trajecto-
ries that were started from unfolded conformations. The
first trajectory, ‘A’, began with a low-energy extended con-
former determined by a randomized build-up procedure
(E Demchuck et al., unpublished data). Its backbone does
not make a reverse turn because of unfavorable orientation
of the C-terminal residues (Fig. 11a), which prevents a
hydrophobic stacking interaction between Pro3 and the
sidechain of Tyr4. During the simulation, a transition of
the 3 dihedral angle occurred (Fig. 12a), which appears to
have been induced by motion of the sidechain of Tyr4,
whose 1 dihedral angle flipped from gauche– to trans after
approximately 2.7 ns of simulation (Fig. 12b), and the tran-
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Table 3
Frequencies of 1 dihedral angle rotamers* (%).
Source† gauche+ trans gauche–
Tyr2
cis-AYPA‡ 15 63 22
cis-WP§ 0 81 19
cis-WPY§ –1 84 17
cis-WPPY§ 3 90 7
cis-WPPPY§ 2 89 9
cis-WPPPPY§ 0 89 11
cis-SYPFDV# 17 70 13
Full_trajectory 1 43 56
VIa 0 26 74
Transition 3 64 33
VIb 0 45 55
Tyr4
cis-AYPA‡ 14 12 74
cis-WPY§ 6 14 81
cis-WPPY§ 37 28 35
cis-WPPPY§ 41 29 30
cis-SYPFDV# 19 10 71
Full_trajectory 41 8 51
VIa 1 0 99
Transition 0 13 87
VIb 69 10 21
*gauche+, trans and gauche– correspondingly denote (0°, 120°),
(120°, –120°) and (–120°, 0°) intervals of the dihedral angle.
†Specifications are the same as in Table 1. ‡Data from [16]. 
§Data from [17]. #Data from [22].
Figure 9
Timecourse of the 2 dihedral angle for (a) Tyr2 and (b) Tyr4.
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sition of the 3 angle followed 100 ps later. The succession
of coordinated transitions guided the polypeptide from an
extended (Fig. 11a) to a reverse-turn conformation
(Fig. 11b) and its deviation from the standard turn VI
(Fig. 12c) became similar to that of the NMR trajectory.
The complexity of the energy landscape in configurational
space is illustrated by the second additional trajectory, ‘B’,
which began from a reverse-turn molecular conformation,
but with sidechains that were differently oriented
(Fig. 11c). After a short period of relaxation, the molecule
adjusted to a stable configuration that remained virtually
unchanged during the remaining 4.5 ns (Fig. 13). This is a
clearly unfolded state (Fig. 11d) with mean values of the
backbone dihedral angles similar to those observed in the
beginning of trajectory ‘A’. It appears to be stabilized by
interactions with the backbone of the sidechain of Tyr2:
this sidechain is buried between the N and C termini of
the molecule, interacting with both of them via the tyro-
sine ring (Fig. 11d). In contrast to other trajectories, the
orientation of this sidechain was very stable during the
simulation, with only small fluctuations in the 1 angle.
These interactions may prevent the backbone from con-
tracting into a reverse turn.
We have shown (E Demchuk et al., unpublished data) that
an estimate of the free energy profiles for various seg-
ments of these trajectories indicates that the extended and
misfolded states sampled here represent metastable states
that are of higher energy than the type VI turns. This sug-
gests that the trapping seen in this final trajectory is a
kinetic one, and that a longer trajectory might show a
spontaneous rearrangement to the turn conformer as seen
in the ‘A’ trajectory. However, even if this energetic analy-
sis is correct, we have no estimate at present of the barrier
to such a rearrangement.
Discussion
We have presented the results of a 20 ns molecular
dynamics simulation of a -turn in a short linear peptide in
aqueous solution. The turn conformation was unusually
stable during the simulated period. For the first time, an
unrestrained short linear peptide demonstrated the ability
to retain a folded conformation for such a long simulation.
By contrast, earlier aqueous nanosecond simulations on
linear peptides with some helix or turn propensity have
almost always made transitions towards random-coil con-
formations [13,15,26]. The NMR analysis of this sequence
also shows an unusually high propensity for turn forma-
tion, and most of the spectral features seen there are
reproduced in our simulation. The study suggests a
dynamical view of the turn conformation. Large fluctua-
tions around mean angles and distances were observed,
but the means agree with a broad definition of standard
turns [4]. Angular fluctuations in our simulated ensemble
fall within about a 30° range (Fig. 2), and there is a trend
away from ‘standard’ protein turn angles (Fig. 2; Table 1).
These deviations may be a consequence of specific inter-
actions in a short peptide in an aqueous environment, and
similar deviations have been observed experimentally
[22]. Ensembles of folded conformations in specific
peptide sequences may indeed be biased from ‘ideal’
[2,27] and sequence-averaged [4] geometries. In fact,
unambiguous classification of -turns is a controversial
topic, since proteins themselves show numerous examples
of turn distortions [1,3,24].
The simulation also shows that interconversions between
two distinct types of turn, VIa and VIb, readily occur in a
model system and that NMR measurements probably rep-
resent a time-average over a dynamic ensemble of turn-
like conformations. This ensemble could include
long-lived substates which are rather diverse in terms of
narrow definition of turn conformation. In the present
simulation, a rather distinct intermediate between the VIa
and VIb types of a reverse turn was found which contained
some features of both (Fig. 5).
The structural perturbations discussed above accumulated
in terminal regions of the peptide and correlate with
modest adjustments in the central part of the molecule.
However, these terminal motions were still relatively con-
fined, especially when the backbone adopted turn type
VIa conformations. The cross-term hydrogen bonds
present in the VIa form (Fig. 5) constrain motions of the
peptide. About three-quarters of the time, the peptide was
in a more flexible conformation that is closer to a standard
type VIb definition of the turn, where cross-turn hydrogen
bonds were missing (Fig. 6). This agrees with a descrip-
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Figure 10
Fluctuations of the pyrrolidine ring pucker (the 1 dihedral angle) in the
cis-AYPYD peptide.
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tion of type VI turns deduced from crystallographic data
[3] that suggests that a cross-turn hydrogen bond is a prop-
erty of VIa but not VIb turns.
Interconversions between the VIa and VIb forms of the
turn are relatively infrequent, and only three of them were
observed during the 20 ns period. The observed probabil-
ity ratio of type VIa conformations versus VIb is 1:3, which
is smaller than that found in the cis-SYPFDV peptide [22].
Assuming that the turn type VIa and VIb ensembles of the
cis-AYPYD peptide are representative, the ratio in the cis-
SYPFDV peptide should be at least 3:1 to satisfy all the
NMR distance restraints. This could arise from some addi-
tional stabilization if turn conformations occur in the pres-
ence of a terminal carboxylate ion [21]. A fraction of type
VIb turn conformations could also explain why cross-turn
hydrogen bonds have not been visible by NMR.
The simulation statistics confirm a correlation between a
sidechain orientation of Tyr4 and the conformation of the
backbone. For more than 90 % of the trajectory, the
sidechain of Tyr4 was packed against that of Pro3. A closer
contact was observed during a VIa phase of the simulation,
i.e. the transition to type VIa was accompanied by an
increased compactness of the backbone conformation and
a stabilization of terminal motions by a cross-turn hydro-
gen bond. During this period, the sidechain of Tyr4 was
almost exclusively in a gauche– orientation. The effect of
turn formation on Tyr2 was less pronounced. This residue
is connected to Pro3 by a peptide bond in a cis orientation.
We can speculate that the main function of the aromatic
residue in the second position of the sequence is analo-
gous to that in X-Pro dipeptides, where it shifts a cis/trans
equilibrium towards cis [28], which could be caused by
specific destabilization of trans conformations [29,30].
We attribute the observed bias of rotamer populations of
aromatic residues mainly to steric effects and to van der
Waals’ interactions with the pyrrolidine ring, rather than

–
 interactions of aromatic rings. Steric clashes between
the 	-hydrogen atoms and O4 of Tyr4 would take place in
many configurations of type VIa turn if the sidechain
would adopt a trans or gauche+ orientation (Fig. 8). They
force proline and tyrosine sidechains to a hydrophobic
contact. Without them, rotation around the C–C bond
could proceed relatively freely [16,17]. A ‘flat’ arrange-
ment of aromatic ring planes (Fig. 11) increases the inter-
action surface area. It is likely that an apolar pocket
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Figure 11
Starting and ending structures for the ‘A’
trajectory are shown in (a) and (b); those for
the ‘B’ trajectory in (c) and (d).
(a)
(c)
(b)
(d)
formed by tyrosine sidechains around the proline residue
is an additional factor of turn stabilization, since proline
amino acids themselves tend to reduce the interaction
surface area with water aggregating into stacked assem-
blies. This has been observed in aqueous solutions [31]
and crystals [32].
In a separate paper, we will present an energetic analysis
of these trajectories, and of other conformers of AYPYD,
that supports the basic conclusion reached here that the
turn VI forms of this peptide are found to be especially
stable in the AMBER/OPLS force field. The computed
free energy for unfolding is 1–2 kcal mol–1. This analysis
complements the results here, which give a variety of
dynamic information about the frequency of backbone
and sidechain fluctuations, and about the nature of the
VIa to VIb interconversion. Overall, these studies provide
additional evidence that simulation techniques can be an
important adjunct to experiment in the design and analy-
sis of peptide and protein conformation.
Materials and methods
Simulations were carried out using version 4.1 of the AMBER suite of
programs [33]. The peptide is neutral overall, having a positive charge
at the N terminus, a blocking group at the C terminus, and a negative
charge on the sidechain of Asp5. The peptide molecule was superim-
posed on a 75 Å cube of pre-equilibrated water molecules. Water mol-
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Figure 12
Timecourse of trajectory ‘A’ for (a) Pro3 , (b) Tyr4 1, and (c) angular
RMSD to a type VIb turn.
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Figure 13
Timecourse of trajectory ‘B’ for (a) Pro3 , (b) Tyr4 1, and (c) angular
RMSD to a type VIb turn.
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ecules for which (i) the oxygen atom was closer than 3.6 Å to any of the
peptide atoms, or (ii) either of whose hydrogen atoms were closer than
3 Å to any peptide atom, or (iii) whose oxygen atoms were more than
10 Å away from any peptide atom were excluded. This led to a system
about 37 × 21 × 34 Å in dimension, with 811 water molecules. The
AMBER/OPLS force field was used, which treats aliphatic CH groups
as united atoms, but contains an explicit representation for polar and
aromatic hydrogens [34,35]. We use a 9 Å cut-off for nonbonded inter-
actions, and the pair list was updated every 25 steps.
After an initial minimization, the system was allowed to equilibrate. At
this stage, motions of the peptide atoms were restrained to their posi-
tions in the initial coordinate set by harmonic constraints, with force
constant 5 kcal mol–1 Å–2. The system was heated to 100 K for 5 ps,
then to 300 K for 5 ps, then equilibrated without constraints for an
additional 90 ps. During this period, the RMSD of the entire backbone
from the initial structure rose quickly to 1.3 Å. By comparison, the mean
deviation among members of the NMR ensemble was 1.0 Å. Simula-
tions were carried out using constant pressure and constant tempera-
ture using the Berendsen coupling scheme [36] with a time constant
0.2 ps for temperature and pressure regulation, and an integration time
step of 1 fs. Bond lengths to hydrogen atoms were constrained using
the SHAKE algorithm [37]. Snapshots of the molecule were taken at
0.1 ps intervals.
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